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Introduction
Action potential propagation is crucial for cardiac function. Conduction disorders can lead to arrhythmias, which are frequent complications of heart disease [1] . The velocity and safety of cardiac conduction depend on multiple factors. Direct factors include inward ion currents [1, 2] , gap junctional coupling [2] [3] [4] [5] [6] and tissue architecture [7, 8] . Indirect factors include interactions between myocytes and stromal cells [9, 10] and outward K + currents (in particular the inward rectifier K + current [11] ), which determine the resting membrane potential and resistance, and thus the availability of the inward Na + current.
Ventricular myocytes are connected electrically by gap junctional channels formed principally by connexin 43 (Cx43) and, to a smaller extent, connexin 45 [12] . Cx43 knockout (Cx43KO) mice thus represent a model to investigate the primeval role of Cx43 in ventricular conduction. In embryonic mice, the homozygous Cx43KO mutation slowed ventricular conduction by 80% [4] . In cultures of murine ventricular Cx43KO myocytes, conduction was even slowed by 96% and it was supported by a low level of connexin 45 expression [5] .
However, a spatially irregular pattern of Cx43 expression may also be arrhythmogenic. Heterogeneous connexin expression occurs, e.g., in dilated cardiomyopathy [13] , heart failure [14] , ischemia [15] and infarction [16, 17] . These conditions result in a very variable loss of Cx43 expression in ventricular tissue, which potentiates arrhythmias. Heterogeneous coupling could also occur during cardiac cellular therapies if transplanted cells do not connect sufficiently with recipient tissue. This situation may also pertain to the genetic mosaicism of a loss-of-function Cx43 mutation identified in the atrial tissue of a patient with lone atrial fibrillation [18] . In optical mapping studies, this scenario was investigated in ventricles of chimeric Cx43KO mice, consisting of macroscopic patches of Cx43KO myocardium mingled with wild-type (WT) tissue. Conduction exhibited localized conduction defects and these hearts were prone to re-entrant arrhythmias [19] . However, in another study with cultured strands of mixed Cx43KO and WT cells [6] , no conduction blocks were reported. Furthermore, conduction velocity (CV) decreased linearly with the proportion of Cx43KO cells, an unexpected fact because the relationship between CV and coupling is typically nonlinear [2, 20] .
To obtain clearer insights into conduction in tissue consisting of myocytes expressing different connexin levels, we mapped propagation in such strands of mixed cells over macroscopic lengths using microelectrode arrays and conducted simulations using a tissue model permitting to define specific tissue architectures at subcellular resolution. In contrast with previous findings [6] , we observed in both experiments and simulations a clearly nonlinear relationship between CV and Cx43KO cell content. Importantly, we found that conduction became not only very heterogeneous but also prone to block in the co-cultures. At the cellular scale, this behaviour resulted from fluctuations of the balance between the depolarizing current generated by the wavefront and the electrical load represented by the adjacent tissue downstream. Conduction blocked when the mismatch between the generated current and the electrical load (current-to-load mismatch [1] ) became too important. In simulations, we also observed that conduction in heterogeneous strands was more sensitive to changes in ion currents. Finally, we observed that activation patterns in such tissues exhibit fractal characteristics. Altogether, these results indicate that heterogeneous connexin expression at the cellular level is prominently arrhythmogenic.
Materials and Methods
Methods are presented in detail in the supplementary material.
Electrophysiological experiments
Strands (150-200 µm wide) of foetal murine ventricular myocytes containing predefined proportions of WT and Cx43KO cells were cultured on microelectrode arrays over rows of 12 recording electrodes (spacing: 0.5 mm). Extracellular unipolar electrograms were recorded during pacing at a cycle length of 300 ms.
CV was determined by linear regression of activation times. Conduction heterogeneity was quantified as the coefficient of variation (Cvar, ratio of standard deviation to mean) of conduction time (CT) between adjacent recording sites (CvarCT d , with d=0.5 mm being the electrode spacing).
Computer simulations
Corresponding simulations of conduction were run in two dimensional strands (3 mm long, 150 or 60 µm wide) mimicking cardiac cellular architecture, with a random distribution of WT/Cx43KO genotypes. Membrane currents were simulated using a modified Luo-Rudy phase 1 (LR1) model [21] with enhanced Ca 2+ current.
Activation was monitored by identifying the earliest activation time (EAT) at every coordinate x along the strand. CV was computed by linear regression of EAT vs. x over 25-75% of strand length. As in experiments, conduction heterogeneity was evaluated by sampling EAT at points separated by d=0.5 mm and by computing CvarCT d . To ascertain the presence of fractal activation patterns, the power-law dependence of CvarCT d on d was identified by examining CvarCT d vs. d in double logarithmic plots and by estimating the Hurst exponent (a measure of self-similarity [22] ) of EAT(x).
Statistics
Unless specified otherwise, data are presented as means±standard deviations. Differences between means were evaluated using ANOVA at a significance level of p<0.05. To compare the probabilities of conduction success or block, 95% confidence intervals were computed using the Clopper-Pearson exact method. Figure 1 shows representative recordings in cultured strands with predefined Cx43KO cell contents. In the 100% WT strand ( Figure 1A ), conduction was rapid (44.2 cm/s), with regular intervals between successive electrograms (CvarCT 0.5 mm =0.07). The signals exhibited a spatially uniform typical biphasic shape. In the 100% Cx43KO strand ( Figure 1B ), conduction was very slow (2.47 cm/s) and the electrogram amplitude was several times smaller compared to the 100% WT strand. This smaller amplitude can be explained by a narrower wavefront due to slow conduction and thus a smaller number of cells contributing to the extracellular potential. To compare signal morphologies, 10 successive electrograms were averaged on the right of Figure 1B . This analysis reveals the irregular and multiphasic shapes of the signals. Despite this heterogeneous signal morphology, propagation appeared uniform (CvarCT 0.5 mm =0.12). In the 30% Cx43KO cell strand ( Figure 1C ), overall CV was 17.6 cm/s. The signal morphology was irregular (no averaging in Figure  1C ) and conduction was highly heterogeneous (CvarCT 0.5 mm =0.87). In the 70% Cx43KO strand ( Figure 1D ), CV (2.74 cm/s) was comparable to that in the 100% Cx43KO strand despite the presence of 30% of WT cells. The electrograms were irregular and conduction was more heterogeneous (CvarCT 0.5 mm =0.23) than in monogenotypic preparations.
Results

Conduction characteristics in cultured strands with predefined Cx43KO cell contents
Conduction block (full or intermittent) was observed in some strands combining WT and Cx43KO cells, as illustrated for a Cx43KO content of 50% in Figures 1E (preparation without block) and 1F (preparation with block).
Figure 1. Electrograms recorded in cultured strands with predefined Cx43KO cell contents. (A) 0%
Cx43KO (100% WT); (B) 100% Cx43KO; (C) 30% Cx43KO; (D) 70% Cx43KO; (E) 50% Cx43KO; (F) 50% Cx43KO, with conduction block. Oblique lines represent linear fits of activation times (marked by circles). On the right of each panel, electrograms are aligned and normalized to have the same amplitude (averages of 10 successive electrograms are shown in B and D).
The systematic analyses of CV and CvarCT 0.5 mm as a function of the Cx43KO cell content as well as the proportions of preparations exhibiting block are presented in Figure 2 . The relationship between CV and Cx43KO content was globally nonlinear. CV decreased gradually when the Cx43KO content was increased from 0 to 50% and reached the lowest level at Cx43KO contents ≥60%. In contrast to the monotonic decrease of CV, CvarCT 0.5 mm exhibited a biphasic behaviour: it was the lowest for monogenotypic preparations and higher in strands where the genotypes were mixed. Thus, conduction velocity and heterogeneity depended in a nonlinear manner on the Cx43KO cell content. Conduction was susceptible to block in preparations with mixed WT and Cx43KO cells, while block was never observed in monogenotypic preparations. 
Conduction characteristics in simulations with detailed tissue architecture
To further explore the spatiotemporal excitation patterns resulting from the association of normal and poorly coupling cardiomyocytes, we conducted simulations of conduction in computer-generated strands incorporating the cellular detail of tissue architecture and genotype. Figure 3 and Video 1 illustrate propagation in a strand with 30% Cx43KO cells. The random distribution of cellular genotypes resulted in clusters of poorly coupled Cx43KO cells that disrupted the tissue and that formed barriers which substantially delayed excitation or diverted the wavefront. Excitation meandered through the remaining WT tissue. The random distribution of WT/Cx43KO cells even occasionally resulted in groups of cells that were activated in a retrograde manner (indicated by an arrow in the rightmost third of the activation map in Figure 3A ). Isolated Cx43KO cells were activated 1-2 ms after the passage of the main wavefront. Furthermore, there was a manifest dispersion of activation time in the transverse direction ( Figure 3B ). Thus, propagation was very heterogeneous, reminiscent of the "zig-zag" conduction described previously in infarct scars [8] . On the one hand, the delayed activation of Cx43KO cells and the absence of any electrical load on these cells during their excitation resulted, on average, in large dV/dt max compared to WT cells. On the other hand, fluctuations of the current-to-load relationship during wavefront meandering resulted in enormous dV/dt max variations in WT cells. Heterogeneous activation resulted in simulated electrograms with irregular and multiphasic waveforms. 
distance. Data points in black and magenta correspond to nodes in WT and Cx43KO cells, respectively. Green line: earliest activation time (EAT). Dotted blue line: linear fit of EAT (CV=29.3 cm/s). (C) dV/dt max vs. distance. (D) Simulated electrograms that would be recorded by electrodes shown as circles in A. (E) Electrograms aligned on activation time.
The dispersion of activation times in the transverse direction and the occasional occurrence of retrograde propagation rendered impossible to use linear regression of all activation times to compute CV. Therefore, we considered only the furthermost position of the wavefront (earliest activation time, EAT) to represent its overall motion. The corresponding curve had a staircase-like aspect. Linear regression of EAT yielded a CV of 29.3 cm/s. Figure 4 and Video 2 illustrate conduction in a strand with 70% of Cx43KO cells. Propagation occurred essentially in poorly coupled tissue because isolated WT cells were also poorly coupled to their Cx43KO neighbours. However, larger WT cell clusters randomly formed well-coupled regions. Transitions from a region with low coupling into a region with normal coupling are characterized by a prominent current-to-load mismatch which can lead to large conduction delays or even conduction block [1] . Thus, rather than accelerating conduction, WT cell clusters formed electrical loads that exhibited delayed activation with a low dV/dt max , which impaired conduction. Two such clusters are visible in Figure 4A (arrows). Consequently, CV was very slow (2.95 cm/s). Electrograms were highly fractionated, combining the signal arising from propagation through poorly coupled tissue with contributions of WT cell clusters. Figure 3 (note the different ordinate scales). Isochrone interval: 2.5 ms. CV=2.95 cm/s. The arrows in A denote two clusters of WT cells that formed electrical loads with delayed activation and low dV/dt max .
Figure 4. Propagation in one realization of the tissue model combining 70% Cx43KO and 30% WT cells (strand width: 150 μm). Same layout as in
Conduction block, including unidirectional block (UDB), was observed in some simulations combining WT and Cx43KO cells, as shown in Figure 5 and Videos 3 and 4 for one realization of a strand with a Cx43KO content of 50%. During anterograde propagation (left to right), propagation was extremely tortuous, with a substantial delay along an oblique resistive barrier formed by Cx43KO cells that spanned the entire strand width (visible in the middle of Figure 5 ). During retrograde propagation (strand stimulated at the other end), this cell barrier caused conduction block. This block can be explained by a density of WT cells that was locally higher on the left side of the barrier than on the right side, which led to a more prominent current-to-load mismatch during retrograde propagation. Thus, conduction blocks resulted from the combination of the two deleterious mechanisms described in Figures 3 and 4 : current-to-load mismatch consecutive to wavefront meandering and current-to-load mismatch at transitions from poorly coupled to wellcoupled regions.
Propagation in simulated control strands with Cx43KO cell contents of 0% and 100% is illustrated in the supplementary material (Figures S2 and S3, and Videos 5 and 6, respectively). 
Systematic analysis of conduction in simulated tissues
For every Cx43KO content and for strand widths of 150 and 60 μm, simulations were repeated 100 times with different realizations of cellular architecture. As shown in Figure 6A , the simulations using the LR1 model with enhanced Ca 2+ current (I Ca ) reproduced the nonlinear decrease of CV with increasing Cx43KO content observed experimentally. The simulations also reproduced the increase of CvarCT 0.5 mm for Cx43KO contents of 30-60%. Globally, in 60 μm wide strands, CV was slightly lower and CvarCT 0.5 mm was slightly larger than in 150 μm wide strands (not statistically significant).
For the analysis of block, the latter was defined as failure of the wavefront to reach the distal end of an observation window spanning 25% to 75% of strand length. UDBs were counted as the number of cases with anterograde block within the observation window and successful retrograde propagation across this window. Figure 6A shows that the susceptibility to block was maximal for Cx43KO contents near 50%. The probability of block was significantly lower in the 150 μm wide strands than in the 60 μm wide strands, which is explained by the presence of more alternative pathways permitting to bypass a local barrier to conduction. UDBs occurred in up to 9% of the 150 μm wide strands and in up to 11% of the 60 μm wide strands.
In Figure 6B , the same analysis was conducted for simulations with the original LR1 formulation. The principal effect of reverting to this original formulation was to greatly increase the probability of block, which reached 100% at Cx43KO contents of 50-60%. Thus the model with enhanced I Ca reproduced better the experimental observations. Figure S4 ).
This sensitivity of conduction on I Ca and the fact that ion current densities differ between species and between healthy vs. diseased myocardium motivated us to analyse how conduction at various Cx43KO contents is affected by scaling individual ion currents. The set of simulations in 150 µm wide strands (LR1 model with enhanced I Ca ) served as reference. Figure 7 shows relative CV changes and the proportion of blocks that were obtained upon increasing or decreasing the Na + current (I Na ), I Ca , the time dependent K + current (I K ), the plateau K + current (I Kp ) or the inwardly rectifying K + current (I K1 ). Increasing I Na or I Ca accelerated conduction and decreased the proportion of blocks. Decreasing these currents had opposite effects. Because recent work [23] shows that Cx43 is an important regulator of I Na and that I Na is altered in Cx43KO cells, we also simulated I Na changes in Cx43KO cells only. In this situation, the effects became manifest only at Cx43KO cell contents ≥40%. Increasing I K or I Kp depressed conduction by opposing inward currents at the beginning of the plateau. Conversely, decreasing these currents facilitated conduction. Doubling I K1 depressed conduction via resting membrane hyperpolarization (by 1.8 mV) and thus by increasing the electrical load. Halving I K1 facilitated conduction via resting membrane depolarization (by 3.9 mV) closer to threshold (supernormal conduction effect [3] ). Halving I K1 also relieved all conduction blocks.
Interestingly, for all ion current modifications, the resulting effects were always more pronounced for Cx43KO cell contents near 50% vs. 0% and 100%. Furthermore, the variability of the effect was maximal for Cx43KO cell contents near 50%. Thus, conduction in heterogeneous tissue is generally more sensitive to changes in any ion current.
Figure 7. Effects of scaling individual ion currents on conduction as a function of Cx43KO cell content. CV was normalized in respect to reference simulations (note the different ordinate scales). Scaling factors are shown above the plots. Data for the reference model are shown in black. I Na was scaled either in all cells (first column) or only in Cx43KO cells (second column). The other currents
were scaled in all cells.
Power-law behaviour of conduction heterogeneity
The self-similar staircase-like activation patterns observed in simulations prompted us to investigate how CvarCT d depends on the sampling distance d. While d was fixed in the experiments (0.5 mm), it could be varied arbitrarily in the simulations. In double logarithmic plots, log(CvarCT d ) was linearly related to log(d) as shown in Figure 8A . Thus CvarCT d is a power function of d with an exponent corresponding to the regression slope, S. Figure 8B shows that S was near -1 for Cx43KO cell contents of 0% and 100% and it was significantly different for Cx43KO cell contents of 30-60%.
Power-law behaviours are typical for fractal objects. One approach to quantify self-similarity is to determine the Hurst exponent [22] . The slopes (S) calculated in Figure 8 are mathematically related to the corresponding Hurst exponents (H) as S=H-1 (see supplementary material). The Hurst exponent was near 0 for tissues composed of one cell type and it increased to 0.5 for Cx43KO cell contents near 50%. This confirms the fractal aspect of conduction in such tissue configurations.
In Figure 8B , we also determined the intercepts of the regression lines with the line defined by CvarCT d =1. These intercept values can be regarded as a marker of the coarseness of the propagation pattern. The intercept was smaller than cell length for Cx43KO cell contents near 0 and 100%. However, for Cx43KO cell contents of 30-60%, the intercept increased up to 150 μm, corresponding to multicellular scales. These large scales reflect the patchy aspect of propagation patterns in these tissue architectures, in which distinct patches were activated almost simultaneously, but with large delays in between. Figure S5 ).
Conduction heterogeneity and block is due to the bimodal distribution of Cx43 expression
We also investigated conduction in tissues with other paradigms of connexin expression: a uniform distribution of Cx43 expression between 0 and 100%, an exponential distribution of a low level of Cx43 expression, and a complete uncoupling of either longitudinal or transverse intercellular junctions. Results are presented in the supplementary material (subsection 2.3). Interestingly, none of these paradigms resulted in conduction blocks or in manifestly heterogeneous conduction, indicating that in strands combining WT and Cx43KO genotypes, conduction heterogeneity and block are due to the bimodal distribution of the level of connexin expression.
Discussion
Our first principal finding is that in cardiac tissue combining cells expressing normal and low connexin levels, CV depends in a nonlinear manner on the relative proportion of the two cell types. Second, we observed that conduction in tissue composed of either WT or Cx43KO cells is homogeneous, but conduction becomes heterogeneous when these cells are combined. Third, we observed that conduction in such cellular combinations is highly prone to block, with CV and the susceptibility to block (including UDB) being particularly sensitive to changes in both inward and outward ion currents. Because slow conduction and UDB are key mechanisms of re-entry [1] , cardiac tissues consisting of cellular mixtures with a bimodal distribution of connexin expression levels form highly arrhythmogenic substrates. Our simulations also reveal that the spatial distribution pattern of connexin expression in heterogeneous tissue can strongly affect propagation and cause block by building cellular arrangements potentiating current-to-load mismatch.
Comparison with previous experimental work
Intriguingly, our results are different from those of Beauchamp and colleagues [6] . In their study, conduction decreased linearly with Cx43KO cell content, such that for a Cx43KO cell content of 50%, CV was about the average of that in 0% and 100% Cx43KO strands, and no conduction block was reported. In contrast, we observed a low CV at a Cx43KO cell content of 50% in both experiments and simulations (>5 times slower than in WT strands), and the occurrence of block was manifest.
Several factors may explain this discrepancy. First, we consistently measured CV at the end of a 1-min pacing protocol. This approach was motivated by our previous finding in ventricular cell cultures that CV reaches steady state values only after 1 min of pacing [24] . In that work, we also observed that at sites of current-to-load mismatch, the degree of conduction block increases progressively during pacing at a moderate rate, a phenomenon probably mediated by intracellular Na + and Ca 2+ accumulation. Beauchamp and colleagues [6] paced their preparations at a cycle length of 500 ms (André Kléber, personal communication), vs. 300 ms in our study. Thus, the different CV and block behaviours may be attributable to different pacing cycle lengths. Second, we note that our CV measurements in control WT strands are in close agreement with anterior studies of Kléber and colleagues [5, 25] , but not with those in their latest study [6] , in which control CV was about 30% lower. This suggests that the electrophysiological properties of the preparations were different in this latter study or that the basal level of Cx43 expression in WT myocytes was lower, which may explain a more linear relationship between CV and Cx43KO cell content. The use of neonatal GFPtagged myocytes instead of foetal WT myocytes might have represented another confounding factor. In addition, the age of the preparations was different (3-5 days in [6] vs. 3 days in our study), which may be associated with different ion channel expression levels. Different ion current densities (especially I K1 ) may have a large impact on the occurrence of block (Figure 7) . Third, Beauchamp and colleagues [6] measured electrical activity over a distance of about 2 mm, while we mapped propagation over a longer distance of 5.5 mm. This difference in measurement scale explains why blocks were more likely to be detected using our approach.
Homogeneous vs. heterogeneous uncoupling
Shaw and Rudy [2] showed that homogenous intercellular uncoupling drastically slows conduction while paradoxically increasing its safety. They also demonstrated the importance of I Ca for this type of slow conduction. However, this study was based on one-dimensional fibres and assumed idealized uniform cell shapes and idealized patterns of intercellular coupling. Numerous other studies actually consider cardiac tissue as a continuum.
Such idealized situations do not pertain any longer when the fine detail of tissue structure starts to play a role. To investigate the consequences of naturally irregular cellular arrangements, Spach and Heidlage [26] as well as Henriquez and colleagues [27, 28] developed models discretizing cardiac tissue at the subcellular level. They observed that stochastic microscopic irregularities cancel out through various mechanisms and conduction appears macroscopically continuous. However, it was shown that continuous models do not accurately predict the behaviour of conduction at abrupt transitions between tissue regions with different properties (e.g., different cell orientations) [28] .
In our study, continuous models failed to replicate our experimental observations. In such models, the cellular structure is neglected and tissue conductivity is assumed to be spatially homogeneous. Therefore, propagation of planar wavefronts is characterized by parallel equidistant linear isochrones, a perfectly linear activation profile, an absence of dV/dt max fluctuations and, most importantly, an absence of localized conduction blocks. Therefore, we had to recourse to a twodimensional detailed tissue model. Besides reproducing the irregular behaviour of conduction as well as the propensity to block observed experimentally, the model also reproduced the irregular shapes of extracellular electrograms. Thus, in tissue consisting of heterogeneously coupled cells, the detailed cellular configuration is an important determinant of conduction characteristics.
Fractal characteristics of conduction
In simulations with Cx43KO contents near 50%, conduction exhibited self-similar discontinuous activation profiles. This fractal aspect was confirmed by finding Hurst exponents different from 0. Fractal spatiotemporal patterns were previously reported for dynamical systems at critical phase transitions, including percolation phenomena [22] . Percolating systems and models are characterized by a critical connectivity threshold at which large clusters appear and allow for long-range connections. This suggests that the mixed WT/Cx43KO culture model may be assimilated to a percolating system with a phase transition near the 50%/50% Cx43KO/WT proportion.
It was previously proposed that the fractal aspect of the branching His-Purkinje system leads to a fractal activation pattern of the ventricles, reflected by a power spectrum of the QRS complex exhibiting a power-law behaviour [29] . Our study suggests that conduction may also exhibit fractal characteristics determined by the ultrastructure of cardiac tissue.
Implications
The most important implication of our work is that cardiac tissues composed of cells expressing different connexin levels form highly arrhythmogenic substrates with slow and unsafe conduction, contrasting with slow but safe conduction in homogeneously uncoupled tissue. Heterogeneous coupling occurs in diverse cardiac pathologies [13] [14] [15] [16] [17] . This gap junctional remodelling may be aggravated by fibrosis. Coupled fibroblasts or myofibroblasts reduce the resting potential of myocytes, as does a decrease of I K1 ; a large number of stromal cells ultimately lead to I Na inactivation [9, 10] . Therefore, coupled stromal cells are likely to strongly influence conduction in heterogeneous tissues, as suggested by Figure 7 . Heterogeneous coupling may possibly also occur during cellular therapies.
Our simulations support the notion that in heterogeneous substrates, the success of conduction is affected more strongly by changes in ion currents. This is relevant for pharmacotherapy because ion channels are frequent pharmacological targets. Our study also stresses the importance of modelling heterogeneous substrates at the cellular level because continuous homogenized models may be inappropriate.
Limitations
Because we were principally interested in conduction, we used the LR1 model rather than a more elaborate cellular electrophysiological model. Therefore, our study has the limitation that the modified LR1 model may not reproduce all electrophysiological aspects of foetal murine ventricular myocytes. However, our analysis of the sensitivity of conduction characteristics to ion current changes suggests that the results with the LR1 model remain qualitatively valid when ion currents are scaled. Nevertheless, the results can critically depend on the electrical phenotype of the investigated cells. Therefore, care must be taken when extrapolating the results to the adult mammalian heart and the human heart.
In the experiments, some uncertainty remains regarding the exact Cx43KO cell content despite a careful cell counting. Mice expressing GFP can be used to identify the genotypes in the preparations [6] , but this also has possible limitations as described above. Because of the close agreement between model and experiments, we nevertheless believe that the Cx43KO cell contents were close to the desired proportions. Finally, we did not implement a bidomain formulation or incorporate the possibility of ephaptic conduction [30] in our model because of the large computational cost of such simulations. Because we simulated strands in a large bulk of extracellular space, and because the electrograms recorded in vitro have small amplitudes, we presume that specific effects induced by a bidomain formulation would be minor. Ephaptic conduction may modulate the results in a manner that is difficult to anticipate. This opens new prospects for further studies.
Detailed Materials and Methods
Electrophysiological experiments
Patterned murine ventricular cell cultures on microelectrode arrays
Heterozygous germline connexin 43 knockout (Cx43KO) mice [1] (line kindly provided by André G. Kléber) were bred on a C57BL6/J background (Charles River Laboratories, Sulzfeld, Germany). As described previously [2, 3] , hearts were obtained from foetuses at postcoital day 19 (both parents heterozygous). Animals were handled in accordance with the ethical principles and guidelines of the Swiss Academy of Medical Sciences. The protocols were independently reviewed and approved by the Commission of Animal Experimentation of the Cantonal Veterinary Office of the Canton of Bern, Switzerland. The genotype of each foetus was determined by polymerase chain reaction. Ventricles were minced and digested enzymatically in separate Eppendorf tubes. The cell suspensions were preplated to minimize myofibroblast content. Subsequently, once the genotypes were determined, cells of the same genotype were pooled and the cells in each suspension were counted using a Neubauer chamber. Suspensions of Cx43KO and wild-type (WT) cells were then mixed to obtain predefined proportions of Cx43KO cells (Cx43KO content, from 0 to 100% in steps of 10%) and seeded at a total density of 3.5·10 5 /cm 2 on microelectrode arrays (Centre Suisse d'Électronique et de Microtechnique, Neuchâtel, Switzerland) which were preconditioned for patterned growth with type I collagen (Sigma-Aldrich, Buchs, Switzerland) and mounted into custom culture chambers (diameter: 1.2 cm) as previously described [4, 5] . The patterns consisted of strands (width: 150-200 µm; length: 0.7 cm) passing over 12 extracellular electrodes (interelectrode distance: 0.5 mm; diameter 40 μm) and 2 stimulation dipoles. The growth medium (M199 with Hanks' salts; Sigma-Aldrich, Buchs, Switzerland) was supplemented with streptomycin (20 mg/L, Oxoid, Pratteln, Switzerland) and penicillin (20000 U/L, Oxoid, Pratteln, Switzerland). Bromodeoxyuridine (100 µmol/L, Sigma-Aldrich, Buchs, Switzerland) was also added to inhibit myofibroblast proliferation. For each culture, strands with 100% WT and/or 100% Cx43KO cells were also prepared as positive/negative controls. Heterozygous cells were not used in the co-cultures.
Electrophysiological recordings
Experiments were conducted with 3-day-old cultures. The preparations were inspected to verify their structural integrity and only intact strands were used. The growth medium was replaced with Hanks' balanced salt solution (Sigma-Aldrich, Buchs, Switzerland) and the chambers were mounted into a custom amplifier array [5] (gain: 1000´) which was then placed into an incubator (36°C, 0.9% CO 2 ). After an equilibration period ≥60 min, extracellular unipolar electrograms were recorded (sampling rate: 10 kHz) during pacing at a cycle length of 300 ms with biphasic voltage pulses at 1.5-2 times threshold. This cycle length was optimal to overdrive the spontaneous activity of the preparations and to prevent that stimulation artefacts interfered with the electrograms recorded by the electrodes most distant from the pacing site during very slow conduction in strands with a high Cx43KO cell content.
Determination of conduction velocity and heterogeneity
At each electrode, activation times were defined as the times of occurrence of the minimum of the first derivative of the electrogram. CV was determined by linear regression of activation times vs. distance. As in a previous study [5] , we observed that CV reaches steady state after approx. 1 min of pacing at a given cycle length. Therefore, the recordings were first inspected to verify that pacing stimuli were captured and that no spontaneous activity interfered with the recording. For each strand, CV was then determined as the mean CV during the last 10 s of a 1-min pacing protocol.
Conduction heterogeneity was quantified as the coefficient of variation (Cvar, ratio of standard deviation to mean) of conduction time (CT) between adjacent recording sites separated by a given distance d (CvarCT d , with d=0.5 mm in the experiments, corresponding to electrode spacing). CvarCT is 0 for perfectly homogeneous and uniform conduction and large CvarCT values indicate heterogeneous activation patterns.
Computer simulations using a tissue model with cellular architecture
Cellular architecture
Simulations of conduction were run in computer-generated two dimensional tissues mimicking cardiac cellular architecture. Based on the morphometric data of Thomas et al. in strands of murine ventricular cells [6] , we assumed elongated cell shapes with an average length L of 40 µm and an average width W of 10 µm, and thus a L/W ratio R of 4 and, for elliptical shapes, an area A = (π/4)LW. To generate the tissues, two dimensional domains (strands with a width of 60 or 150 µm and a length of 3 mm) were first populated with cell centroids seeded at random. The centroids were generated sequentially as illustrated in Figure S1A . First, a tentative centroid was selected as a random point in the domain. The centroid was then accepted when its distance to the closest of the already present centroids was larger than a predefined minimal value M = 0.8·A 1/2 and rejected otherwise, and the operation was repeated until the number of centroids in the domain was A domain /A, where A domain is the area of the domain. To account for elongated cell shapes with R=4, distance was measured here using a non-Euclidean metric defined by where ds is the length of a line element. From the centroids, the cell borders were then generated by Voronoi tessellation of the domain using the same metric, as shown in Figure S1B . The intercellular borders were subsequently classified as being longitudinal or transverse. For this classification, the angle α between a vector v parallel to the cell border and a vector n oriented along the strand direction was computed (using the metric tensor g) as Figure S1B . The genotypes of the cells were then allocated stochastically according to the binomial distribution defined by the proportion of WT and Cx43KO cells to simulate.
In the following, all lengths/distances refer to the ordinary Euclidean metric ds 2 =dx 2 +dy 2 . On average, the tissue generation procedure yielded cells with L=41.9±5.2 µm and W=11.5±1.5 µm. Each cell was connected longitudinally to 2.7±0.8 cells and transversally to 3.1±0.8 cells.
Figure S1. Computational tissue generation: example of a 60 μm wide strand (a 250 μm segment is shown). (A) Sequential seeding of cell centroids (dots). The ellipses denote regions that cannot be occupied by a new centroid. The centroid marked in red (arrow) is rejected; the one marked in green (arrow) is accepted. (B) Voronoi tessellation of the strand. Cells are coloured according to genotype (in this example: 20% Cx43KO, magenta, and 80% WT, white). Red and blue lines denote longitudinal and transverse cell to cell contacts, respectively. The small grey dots denote the grid used for the subsequent discretization. (C) Network after discretization (Δx=Δy=2.5 μm), with cells and cell-cell contacts coloured as in B. (D) Equivalent electric circuit for the small region marked in C. R myo : myoplasmic resistance; R gap,L and R gap,T : longitudinal and transverse gap junctional resistance, respectively. Individual nodes (black disks) are connected to membrane capacitance and model ionic currents (I ion ).
Capacitive and resistive properties
We determined the capacitive and resistive properties of the tissue monolayer on the basis of our earlier investigation of conduction in heterozygous (Cx43 +/-) neonatal murine ventricular cell strands [7] . In that study, propagation was simulated along a one-dimensional fibre of abutting idealized cylindrical cells having a diameter of 10 µm (radius: r=5 µm), a length (l) of 40 µm and a myoplasmic resistivity of 124 Ωcm (comparable to the resistivity of 150 Ωcm used by other authors [8, 9] and to experimentally determined values [10] ). The geometrical area of the idealized cylindrical cell is A geo =2πr 2 +2πrl (1417.72 µm 2 ), its volume is V=πr 2 l (3141.59 µm 2 ) and its geometrical surface to volume ratio is A geo /V (0.45 µm -1 = 4500 cm -1 ). We assumed a ratio of capacitive to geometric area R CG (reflecting membrane folding) of 2, as done by Luo and Rudy [11] , which leads to a capacitive area A cap =R CG ·A geo of 2827.43 µm 2 , a capacitive surface to volume ratio of 9000 cm -1 and, assuming a specific membrane capacitance (C m ) of 1 µF/cm 2 , to a cell capacitance of 28.2743 pF. To derive parameters for the cellular monolayer, the ideal cylindrical cell was reshaped into a parallelepiped of the same length (l=40 µm), width (d=10 µm) and volume, and thus of a thickness h=V/ld of 7.854 µm and a myoplasmic resistance that remained unchanged (the cross section πr 2 = dh remained the same). The thickness h is comparable to previously reported values [6] . Membrane capacitance was projected on the same area (without affecting surface to volume ratios), yielding a monolayer capacitance per unit area C monolayer = A cap /ld (7.069 µF/cm 2 ). This capacitance accounts globally for the membranes situated on both sides of the cells forming the monolayer, for the lateral membranes between the cells, and for microscopic membrane folding. The electrical parameters of the monolayer tissue model are listed in Table S1 . Junctional scaling factor (k) for simulations with predefined cellular genotypes:
between two WT cells: between two Cx43KO cells: between a WT cell and a Cx43KO cell: 1 0.0012 0.0012 Junctional scaling factor (k) for simulations with predefined distributions of cellular levels of connexin expression:
between cell A and cell B: min(p A ,p B ), with p drawn randomly from a predefined distribution
Intercellular coupling
Intercellular coupling conductance was set proportionally to the length of contact between adjacent cells using proportionality constants γ L and γ T for longitudinal and transverse contacts, respectively (Table S1 ). For contacts involving Cx43KO cells, γ L and γ T were scaled by a specific factor k (Table S1 ). The constants γ L , γ T and k were adjusted to reproduce the same longitudinal conduction velocity (CV) and the same maximal upstroke velocity (dV/dt max ) as reported previously in WT strands [2, 6, 7] , an anisotropic CV ratio of 2 in WT tissue as reported for continuous monolayers [12] , and the same CV observed previously in Cx43KO strands [2] . This adjustment was achieved by using k=1 for connections between WT cells and k=0.0012 between Cx43KO cells. Previous studies indicate that the residual gap junctional coupling between Cx43KO cells is mediated by a low level of connexin 45 [2, 13, 14] , and that heterotypic Cx43/Cx45 channels can form between WT and Cx43KO cells [3, 15] . For connections between WT and Cx43KO cells, we therefore used k=0.0012 as well, assuming that electrical coupling is essentially determined by the cell expressing the least amount of connexins [3] . The constants pertaining to intercellular coupling are presented in Table S1 . The model also reproduced the modest decrease of CV by only ~10% observed previously in heterozygous strands [2, 7] (in which Cx43 expression was found to be decreased by 43%) when k was set to 0.57.
In additional simulations, other paradigms of heterogeneous gap junctional expression were tested. In these simulations, no particular genotype was attributed to the cells, but gap junctional expression (i.e., phenotype) was controlled by a parameter p drawn randomly from a predefined distribution (p=0: no connexin expressed; p=1: normal WT level of connexin expression). To determine gap junctional coupling between two neighbour cells, the junctional scaling factor k was then set as the minimum value of p of these two cells (see Table S1 ).
Membrane currents
Membrane currents were simulated with the Luo-Rudy phase 1 (LR1) model [16] . The Na + current conductance was decreased from 23 to 13.5 μS/cm 2 to replicate the rate of depolarization (dV/dt max ) reported previously [7] . In the original LR1 model, the L-type Ca 2+ current (slow inward current) is small and activates very slowly. Therefore, its conductance was doubled and the kinetics of its activation and inactivation gates were accelerated 30 and 2 times, respectively, to yield a timeto-peak of ~1 ms and a peak of ~12 μA/μF, comparable to previous observations and models [11, 17] . The conductance of the time dependent K + current was increased from 0.282 to 0.5 μS/cm 2 to produce a similar action potential duration as in the original model. The effect of reverting to the original LR1 formulation was evaluated in specific simulations.
Tissue discretization
The cellular network was then discretized using a Cartesian lattice with Δx=Δy=2.5 µm as illustrated in Figure S1C , resulting in an electric circuit equivalent as shown in Figure S1D . This discretization produced jagged intercellular connections (in particular at end-to-end junctions), similar to intercalated discs in vivo. Along each intercellular border, the coupling conductance calculated as described above was distributed evenly. At the border of the domain, Neumann boundary conditions were used.
Numerical implementation, data analysis and reconstruction of extracellular electrograms
Gating variables were integrated using the method of Rush and Larsen and membrane potential was computed at fixed time steps of 0.005 ms. The diffusive part was solved using the alternating direction implicit method. Conduction was initiated by injecting a depolarizing current (300 μA/cm 2 ) into the cells at the extremity of the strand. Activation time was defined at the occurrence of dV/dt max . Because the wavefront can assume an irregular shape, the progression of activation along the strand (as a function of distance x) was monitored by identifying the earliest activation time (EAT) at every coordinate x. CV was computed by linear regression of EAT vs. x over an observation window spanning 25-75% of strand length to exclude boundary effects.
To obtain a measure of conduction heterogeneity comparable to that in experiments, conduction heterogeneity was evaluated by sampling EAT at points separated by a distance d=0.5 mm and by computing CvarCT d .
Extracellular potentials were computed as described previously [18] . Because the microelectrodes had a diameter of 40 μm, extracellular electrograms were reconstructed as the average extracellular potential on a disc with a diameter of 40 μm situated 1 μm off the plane of the tissue.
Analysis of self-similarity and power-law behaviour of activation patterns
To ascertain the presence of fractal activation patterns, the power-law dependence of CvarCT d on d was then identified by examining CvarCT d vs. d in double logarithmic plots and by estimating the Hurst exponent (a measure of self-similarity [19] ) of EAT(x).
CvarCT d was computed by sampling EAT(x) at regular intervals d (from 40 to 250 µm in steps of 2.5 µm) and by calculating, for each d, the ratio of the standard deviation to the mean of the conduction times over successive segments of length d:
where σ denotes the standard deviation and CT is the mean conduction time over a distance d. A linear relationship between log(CvarCT d ) and log(d) (in a double logarithmic plot) implies a powerlaw dependence of CvarCT d on d:
where the tilde sign denotes proportionality and the exponent S corresponds to the regression slope in the double logarithmic plot. Because CT is related to overall conduction velocity (CV) by
, this proportionality can therefore also be expressed as 1 )) ( ) ( ( var
Relationship between S and the Hurst exponent of EAT(x)
The Hurst exponent H of a series a(x) is a measure of self-similarity. It represents the power-law exponent describing the magnitude of fluctuations of a observed at a given observation scale Δx (i.e., a given level of detail) as a function of the observation scale itself [19, 20] . It can be estimated on the basis of the following power-law [19, 20] :
H can take values between 0 and 1. Values of H greater than 0 reflect the presence of a power-law behaviour and thus of statistical self-similarity.
We note that this power-law is very similar to the one we used to describe the dependence of CvarCT d on d. If we use EAT(x) and d in place of a(x) and Δx and combine the last two equations, we obtain
Thus, the estimation of the slope S is related to the estimation of the Hurst exponent H, with H=S+1, i.e., S=H-1.
Effects of redistributing the Na + current conductance
In specific control simulations, we examined the effect of redistributing the conductance of the voltage gated Na + current (I Na ) to the nodes adjacent to either longitudinal or lateral junctions, without changing the total I Na conductance of the cells (the time step was reduced 10 times in these simulations). Conduction velocity differed by less than 1% in comparison to a uniform distribution of I Na conductance (n=10 randomly generated networks for every Cx43KO cell content investigated) and activation sequences were identical. This result is in agreement with previous computational studies [21, 22] in which I Na conductance was redistributed to intercellular junctions without taking hypothetical ephaptic interactions into account (i.e., negative extracellular potentials in intercellular clefts). This similar behaviour of conduction can be explained by the fact that within a given cell, the time scale of charge redistribution over the entire cell membrane (a few µs) is considerably shorter than the time scale of the fastest electrophysiologically relevant phenomenon (i.e., ~0.33 ms for depolarization by 100 mV at a rate of 300 V/s) [23] .
Supplementary results
Simulations of conduction in the detailed model of cellular structure
100% WT strand (0% Cx43KO)
Conduction in a computer-generated 100% WT strand is shown in Figure S2 and Video 5. Despite the random distribution of cells and the presence of intercellular borders, the activation profile was smooth with a CV of 45.9 cm/s. No dispersion of activation times was manifest in the direction transverse to the strand axis. The cellular architecture introduced only minor fluctuations of dV/dt max (162.4±1.4 V/s). The extracellular electrograms exhibited a smooth biphasic shape with a uniform morphology. Conduction was therefore homogeneous. 
100% Cx43KO strand
Conduction in a computer-generated 100% Cx43KO strand is presented in Figure S3 and Video 6. Conduction was slow (2.64 cm/s), but no major propagation heterogeneity was apparent. Because of the low level of coupling, all the nodes within a given cell activated almost simultaneously. However, lateral neighbour cells were slightly desynchronized. In the direction transverse to the strand axis, this resulted in a slight dispersion of activation time, which is visible in the plot of activation time vs. distance ( Figure S3B ). In the longitudinal direction, activation proceeded with activation delays across intercellular borders. While the nodes within individual cells exhibited virtually the same dV/dt max , the low level of coupling and the cellular architecture led to an intercellular dispersion of dV/dt max (253.3±8.0 V/s). This resulted in a typical aspect of the dV/dt max map, with individual cells having distinct colours. Thus, the low level of gap junctional coupling introduced discontinuities at the cellular level, but conduction remained macroscopically homogeneous. Accordingly, the extracellular electrograms exhibited a jagged aspect (due to the individual activation of individual cells) but were separated by regular time intervals. 
Box plots of CV, CvarCT 0.5 mm , regression slopes of log(CvarCT d ) vs. log(d) and intercepts with CVarCT d =0 in simulations of conduction in the detailed model of cellular structure
Tukey box plots of the data (CV and CvarCT 0.5 mm ) presented in Figure 6 of the main article are shown in Figure S4 . Tukey box plots of the data (regression slopes of log(CvarCT d ) vs. log(d) and intercepts with CVarCT d =0) presented in Figure 8 of the main article are shown in Figure S5 .
Figure S5. Tukey box plots of the regression slopes of log(CvarCT d ) vs. log(d) / Hurst exponents (top) and of the intercepts with the line CVarCT d =0 (bottom) in the simulations of conduction in 150
µm wide strands with detailed cellular structure (LR1 model with enhanced Ca 2+ current). The numbers above the plot indicate the number of simulations with successful conduction out of 100 simulations with different tissue realizations. Data are shown as median (horizontal bars), 1 st to 3 rd quartile (thick vertical bar), range of data within 1.5 times the interquartle range from both quartiles (whiskers), and data out of this latter range (outliers; circles). For the Cx43KO cell content of 40%, two outliers are located outside the plot area (1557 and 997 µm).
Conduction characteristics in randomly generated tissues with further paradigms of gap junctional coupling
Conduction characteristics were evaluated in simulations of propagation in randomly generated tissue strands (width: 150 µm) with further paradigms of gap junctional coupling (see subsection 1.2.3. and Table S1 of this supplementary material). In a first series of simulations, the connexin expression level of each cell was drawn randomly from i) a uniform distribution between 0 (no connexin expression) and 1 (normal WT connexin expression level) and ii) an exponential distribution with a mean of 0.0012. Because the distribution of Cx43 expression between intercalated discs and lateral membranes is frequently altered during disease [24] [25] [26] , we also evaluated in a second series of simulations the effect of a complete longitudinal or lateral uncoupling of WT tissue (by setting γ L or γ T (see Table S1 ) to 0, respectively).
As reported in Table S2 , assigning to each cell a random level of connexin expression drawn from a uniform distribution between 0 and 1 caused only a 22% decrease of CV. The exponential distribution of a low level of connexin expression (0.0012) caused very slow conduction (2.5% of control). Longitudinal uncoupling of WT tissue slowed conduction by 54%, whereas transverse uncoupling slowed longitudinal conduction by 16%. This latter result is similar to the 16% decrease reported by Hubbard and colleagues [27] for transverse uncoupling.
Interestingly, none of these paradigms resulted in conduction blocks or in manifestly heterogeneous conduction (CvarCT 0.5 mm remained <0.2 and the intercept I remained smaller than cell length). This finding indicates that in strands combining WT and Cx43KO genotypes, conduction heterogeneity and block are due to the bimodal distribution of the level of connexin expression. 
Video files
Video 1: Simulation of propagation in the tissue model with 30% Cx43KO cells (corresponds to Figure 3 ). Video 2: Simulation of propagation in the tissue model with 70% Cx43KO cells (corresponds to Figure 4 ). Video 3: Simulation of anterograde propagation in the tissue model with 50% Cx43KO cells (corresponds to the first activation map in Figure 5 ). Video 4: Simulation of retrograde block in the same realization of the tissue model as in Video 3 (50% Cx43KO cells; the video corresponds to the second activation map in Figure 5 ). Video 5: Simulation of propagation in the tissue model with 0% Cx43KO cells (corresponds to Figure S2 ). Video 6: Simulation of propagation in the tissue model with 100% Cx43KO cells (corresponds to Figure S3 ).
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